Large- Apertured Projection Lens With Minimal Diaphragm Error 

Cross-Reference to Related Applications 

Not applicable 

Statement Regarding Federally Sponsored Research or Development 
Not applicable 

Background of the Invention 
[0001] The invention relates to a microlithographic projection lens, in which 
the system diaphragm is arranged in the region of the last bulge on the image 
side, and has a numerical aperture of more than 0.65 and an image field 
diameter of more than 20 mm. Such lenses are typically characterized by a 
resolution below 0.5 micrometers with minimal distortion and at least image- 
side telecentricity. 

[0002] The microlithographic reduction lens of the category concerned is a 
microlithographic projection lens having a system diaphragm arranged in a 
region of a last bulge on an image side, and having an image-side numerical 
aperture of more than 0.65 and an image field diameter of more than 20 mm, 
and is a purely refractive high performance lens such as is required for high 
resolution microlithography, particularly in the DUV wavelength region. 

Technical Field 

[0003] Such refractive lenses with two beam waists have already been 
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described in the article by E. Glatzel, "New Lenses for Microlithography", 
SPIE, Vol. 237 , 310 (1980), and have been constantly developed since then. 
Lenses of the Carl Zeiss company of the category concerned are sold in PAS 
wafer steppers and wafer scanners of the ASML company, Netherlands. 

[0004] Such a lens by the Tropel company dating from 1991 is shown in Fig. 
16 of J.H. Bruning, "Optical Lithography - Thirty Years and Three Orders of 
Magnitude", SPIE, Vol. 3049 , 14-27 (1997). Numerous variants of projection 
lenses of the category concerned can be found in patent applications, such as 
EP 0 712 019-A (US Ser. No. 337,649 of November 10, 1994), EP 0 717 299- 
A, EP 0 721 150-A, EP 0 732 605-A, EP 0 770 895-A, EP 0 803 755-A (U.S. 
Patent 5,781,278), and EP 0 828 172-A. 

[0005] Similar objectives with somewhat smaller numerical aperture are also 
to be found in SU 1 659 955-A, EP 0 742 492-A (Fig. 3), U.S. Patent 5,105,075 
(Figs. 2 and 4), U.S Patent 5,260,832 (Fig. 9) and DD 299 017-A. 

[0006] In the cited documents, the diaphragm of course has many different 
situations, in particular in the region of the second waist. 

[0007] The possibility of stopping down to about 60-80% of the maximum 
image-side numerical aperture is as a rule provided in high-aperture 
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microlithography projection lenses. 

[0008] This possibility of stopping down is explicitly mentioned in DE 199 
02 236 Al , which was first published after the priority date of the present 
application. In this, and also in DE 198 18 444 Al, the use of aspheric lenses 
is also provided, and indeed at least one aspheric in the region of the second 
waist (fourth lens group). The embodiments of Figs. 1-3 of the priority 
application DE 198 55 108.8 show a relatively strongly curved pupil plane with 
an axial offset of about 25 mm between the optical axis and the edge of the 
pencil of rays at full aperture. Correspondingly, expensive diaphragm 
structures are required for stopping down. 

[0009] The priority applications DE 198 55 108.8, DE 198 55 157.6 and DE 
199 22 209.6, DE 199 42 281.8, with their disclosures and including the 
claims, are incorporated herein by reference as part of the disclosure of the 
present patent application. 

[0010] As "pupil plane" there is understood, in the sense of the present patent 
application, the curved surface of the pupil or, fourier transformed, of the 
image plane, as it is constituted real due to imaging errors of the lens 
arrangement. The edge of the aperture diaphragm of the system must lie on 
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this surface if vignetting effects are to be prevented. If the real aperture 
diaphragm is made narrower and wider in a planar geometrical plane, the 
freedom from vignetting is approximately the better, the less the pupil plane 
departs from a planar surface. 

Summary of the Invention 
[001 1] The invention has as its object the provision of lenses of the category 
concerned with well corrected pupils, making possible cleaner stopping down 
without disturbing effects and with a simple diaphragm structure. 
[0012] This object is attained by a projection lens of the category concerned 
wherein a pupil plane is curved over a cross section of a pencil of rays by a 
maximum of 20 mm. 
[0013] This object is also attained by a projection lens of the category 
concerned wherein the lens has a telecentricity deviation of less than + 4 mrad, 
preferably less than + 3 mrad of the geometric central beam, on stopping down 
to 0.8 times the image side numerical aperture. This object is also attained by a 
projection lens of the category concerned wherein a tangential image dishing of 
a pupil image in a diaphragm space is corrected to less than 20 mm, preferably 
less than 15 mm. 
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[0014] According to the invention, the pupil plane is curved by at most 20 
mm, but preferably by less than 1 5 mm. 

[0015] The image-side telecentricity is also well kept very stable, even when 
stopping down to 0.8 times the nominal (maximum) image-side numerical 
aperture; measured at the geometrical central beam, it is below ± 4 mrad. 

[0016] Since the image field curvature of the front or rear lens portion cannot 
be exactly corrected alone (or at all events not at a justifiable expense, since it 
can only be influenced by means of the distribution of refractive index), the 
image error compromise in the image plane is chosen so that the image field 
curvature is partially compensated by astigmatism (which can be adjusted by 
means of targeted lens curvature with unchanged refractive index), at least in 
the tangential imaging relevant for the diaphragm structure. 

[0017] According to the invention, apart from the optical correction of the 
lens, the tangential image dishing of the pupil imaging in the diaphragm space 
is corrected to less than 20 mm. Imaging of the pupil plane is thus explicitly 
taken into account in the image error compromise of the lens. 

[0018] A negative lens is required in the space behind the pupil plane for the 
correction of spherical aberration in projection lenses of the category con- 
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cemed. 

[0019] According to the invention, the pupil correction according to the 
invention is now attained with the presence of a pupil-side concave meniscus, 
and makes possible a good correction of all imaging errors. The flatter the 
diverging image-side radius of the negative lens, the more favorable this lens is 
for the pupil correction. 

[0020] A diaphragm position according to the invention is clearly away from 
the second waist, and is also different from DE 199 02 336 Al and from other 
documents of the prior art. 

[0021] The beam deflection in this region of the third bulge with many weak 
positive lenses results in minimum spherical under-correction and thus makes 
possible weak negative lenses, which further relaxes the correction of the pupil 
plane. The variation of the image errors when stopping down or at different 
illumination settings is further reduced as a whole by these measures. 

[0022] The spherically over-correcting air space advantageously provided 
according to the invention and having a middle thickness greater than the edge 
thickness can be arranged in the neighborhood of the negative meniscus. 

[0023] An aspheric lens is arranged in the region of the first waist. 
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Aspherics in the region of the second waist can be dispensed with, while in the 

state of the art according to DE 199 02 336 Al and DE 198 18 444 Al they are 

to be arranged exactly there. 
[0024] According to the invention, the material of the lenses is quartz glass 

and/or fluoride crystals, the lenses then becoming suitable for the DUV/VUV 

region, in particular at the wavelengths of 248 nm, 193 nm, and 157 rim. 

Fluoride crystals are CaF2, BaF2, SrF2, NaF and LiF. Further information on 

this may be found in DE 199 08 544. 
[0025] The projection lens according to the invention has two waists and 

three bulges, as in the embodiment examples. This makes possible a very good 

Petzval correction at exacting values of the aperture and field. 
[0026] A projection illumination device with a lens according to the 

invention and a microlithographic production process therewith. 
[0027] The possibility, optimized according to the invention, provides for the 

application of exposures with different kinds of illumination and/or numerical 

aperture. 

Brief Description of the Drawings 
[0028] The invention is described in more detail with the aid of the 
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embodiment examples according to the drawing and the tables. 
[0029] Fig. 1 shows qualitatively a projection exposure device according to 
the invention. 

[0030] Fig. 2 shows the lens section of a 103 nm quartz glass/CaF2 projection 

lens with NA = 0.70. 
[0031] Fig. 3 shows the lens section through a second lens arrangement, 

which has two aspheric lens surfaces; 
[0032] Fig. 4 shows the lens section through a third lens arrangement, which 

has three aspheric surfaces; 
[0033] Figs. 5a-5g show a representation of tangential transverse aberrations; 
[0034] Figs. 6a-6g show a representation of sagittal transverse aberrations; 
[0035] Figs. 7a-7f show a representation of groove error, using sections; 
[0036] Fig. 8 shows the lens section through a fourth lens arrangement for 

248 nm with NA= 0.70. 

Detailed Description of the Invention 
[0037] The principle of the construction of a projection exposure device will 

first be described using Fig. 1. The projection exposure device 1 has an 

illuminating device 3 and a projection lens 5. The projection lens includes a 
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lens arrangement 19 with an aperture diaphragm AP ? an optical axis 7 being 
defined through the lens arrangement 19. A mask 9 is arranged between the 
illuminating device 3 and the projection lens 5, and is held in the beam path by 
a mask holder 1 1 . Such masks 9 used in microlithography have a 
micrtistructure which is imaged on a reduced scale on an image plane 13 by 
means of the projection lens 5. A substrate or a wafer 15, positioned by a 
substrate holder 17, is held in the image plane 13. 

[0038] This projection lens 5, and in particular its lens arrangement 19, 
designed for more stringent requirements on image quality and on resolution, is 
described in more detail hereinafter. 

[0039] The embodiment example according to Fig. 2 and Table 1 is a 
projection lens with purely spherical lenses, as a quartz glass/CaF2 partial 
achromat for 193 nm excimer laser with 0.5 pm bandwidth. The image-side 
NA is 0.70; the image field diameter is 29.1 mm. The pupil plane with the 
aperture stop AS is situated far back from the second waist in the region of an 
intermediate constriction of the third bulge. Its curvature is 15.8 mm at a light 
pencil diameter of 212 mm. 

[0040] For the determination of the curvature of the pupil plane, the 
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tangential image shell of the pupil image in the diaphragm space is determined 
such that the axial amount of image deviation, produced between the image 
plane and the pupil plane by the lens portion, of a parallel beam passing at the 
aperture angle through the image field is determined as compared with the 
image of a parallel beam parallel to the axis. The not large sagittal value for 
stopping down and vignetting is 26.5 mm here, and thus shows the introduced 
astigmatism. 

[0041] With stopping down to NA = 0.56, the lens shows a deviation from 

telecentricity of the geometric central beam of 3 mrad. 
[0042] It would be particularly valuable to design this lens arrangement for a 

small diameter of the CaF2 lenses, since their availability is restricted. 
[0043] The examples of Figs. 3 and 4 have aspherics. These aspheric 

surfaces are described by the equation 

P(h)= 5*h 2 +Clh 4 +... + Cnh 2n " 2 with8=l/R 

l+Vl-(l-EX)*8 2 *h 2 

where P is the arrow height as a function of the radius h (height from the optical 
axis 7) with the aspheric constants Ci-C n given in the Tables. R is the vertex 
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radius given in the Tables. 

[00441 In Fig. 3 and Table 2, a quartz glass lens arrangement 19 designed for 
the wavelength X = 248 nm is shown in section. This lens arrangement 19 with 
NA = 0.75 and image field diameter 27.2 mm has two aspheric lens surfaces 
27, 29. The first aspheric lens surface 27 is arranged on the image side on the 
lens L210. It could also be provided that this second aspheric lens surface 29 is 
arranged on the side of the lens L21 1 facing toward the illuminating device. 
The two lenses L210 and L21 1 are predetermined to receive the aspheric lens 
surface 27. It can also be provided that a meniscus lens is provided instead of 
the lenses L210 and L21 1, and has an aspheric lens surface. The second 
aspheric lens surface 29 is arranged in the end region of the first lens group, on 
the side of the lens L205 remote from the illuminating device 8. It can also be 
provided that this aspheric lens surface 29 is arranged on the lens 206 
following thereafter, in the beginning of the second lens group. 

[0045] A particularly large effect is obtained on arranging the aspherics 27, 
29 on lens surfaces at which the incident rays include a large angle with the 
respective surface normals. In this case, it is particularly the large variation of 
the angle of incidence which is of importance. In Fig. 10, the value of sin i at 
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the aspheric lens surface 3 1 reaches a value of up to 0.82. As a result of this, 
the mutually facing surfaces of the lenses L210, L21 1 have in this embodiment 
example a greater influence on the course of the rays in comparison to the 
respective other lens surface of the corresponding lens L210, L21 1. 
[0046] No aspheric is provided in the region of the second waist, lens group 
LG4. 

[0047] With a length of 1 ,000 mm and a maximum lens diameter of 237,5 
mm, this lens arrangement has a numerical aperture of 0.75 at a wavelength of 
248.38 nm. The image field diagonal is 27.21 mm. A structure width of 0.15 
|im can be resolved. The greatest deviation from the ideal wavefront is 13.0 
mk. The exact lens data with which these performance data are attained are 
given in Table 2. 

[0048] The pupil plane intersects the optical axis at AP. Its curvature is 12.8 
mm, A stopping down to NA = 0.60 is possible without loss of quality with a 
diaphragm situated in the plane AP. The deviation from telecentricity of the 
geometric central beam is then about 1 .5 mrad. 

[0049] A further embodiment of a lens arrangement 19 for the wavelength 
248.38 nm is shown in Fig. 4 and Table 3. With an image-side NA = 0.77, the 
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image field diameter is 27.2 mm. 
[0050] This lens arrangement 19 has three lenses L305, L3 10, L328, which 
have respective aspheric surfaces 27, 29, 31. The aspheric lens surfaces 27, 29 
are left in the positions given by Fig. 3. The coma of middle order for the 
image field zone can be adjusted by means of the aspheric lens surface 27. The 
repercussions on sections in the tangential direction and sagittal direction are 
small. 

[0051] The additional aspheric lens surface 3 1 is arranged on the mask side 
on the lens L328. This aspheric lens surface 3 1 supports the coma correction to 
the image field edge. 

[0052] By means of these three aspheric lens surfaces 27, 29, 3 1, at a wave- 
length of 248.34 nm, a length of only 1,000 mm, and a maximum lens diameter 
of 247.2 mm, there are attained the further increased numerical aperture of 0.77 
and a structure width of 0. 14 jim which can be well resolved in the whole 
image field. The maximum deviation from the ideal wavefront is 12.0 mk. 

[0053] In order to keep the diameter of the lenses in LG5 small, and in order 
for an advantageous Petzval sum, which is to be kept at nearly zero, for the 
system, the three lenses L3 12, L3 13, L3 14 are enlarged in the third lens group 
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LG3. For the provision of the required axial constructional space for these 
three lenses L312-L314, the thicknesses, and hence the diameter, of other 
lenses are reduced, particularly of the lenses of the first group LG1. This is an 
excellent way to accommodate very large image fields and apertures in a 
restricted constructional space. 

[0054] The high image quality attained by this lens arrangement is to be 
gathered from Figs. 5a-5g, Figs. 6a-6g, and Figs. 7a-7f. 

[0055] Figs. 5a-5g give the meridional transverse aberrations DYM for the 
image heights Y' (in mm). All show an outstanding course up to the highest 
DW. 

[0056] Figs. 6a-6g give the sagittal transverse aberrations DZS as a function 

of the half aperture angle DW'. 
[0057] Figs, 7a-7f give the groove error DYS for the same image heights; it 

is nearly zero throughout. 
[0058] The exact lens data can be gathered from Table 3; the aspheric lens 

surfaces 27, 29, 31 have a considerable contribution to the high image quality 

which can be guaranteed. 
[0059] The curvature of the pupil plane AP amounts to 14.6 mm at full 
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aperture. The deviation from telecentricity on stopping down to NA = 0.62 is 
1.5 mrad, determined as in the preceding examples. 
[0060] A further lens arrangement for the wavelength 248 nm is shown in 
Fig. 8 and Table 4. 

[0061] This example is furthermore constructed purely spherically. It is 
particularly designed so that the distortion and the further imaging errors 
remain minimal with substantial stopping down, even with different kinds of 
illumination (different degree of coherence, annular aperture illumination, 
quadrupole illumination). The pupil plane is corrected to a curvature of 18.5 
mm at full aperture. 

[0062] Also it comes about here that the curved image of the pupil was 
substantially compensated by targeted correction of the astigmatism in the 
tangential section. 

[0063] The air lens between the lenses 623 , 624, the splitting of the negative 
meniscus into two lenses 624, 625, and the position of the pupil plane at AS 
markedly separated by two positive lenses from the second waist (617), 
contribute to its leveling. 

[0064] In a high-aperture projection lens for microlithography, the 
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diaphragm errors are accordingly systematically corrected, so that an only 
slightly curved pupil plane makes stopping down possible without a loss of 
quality. 

[0065] As already mentioned, the embodiment examples are not limitative 
for the subject of the invention. 
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